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Using self-assembly of polystyrene spheres, well-ordered templates have been prepared on glass and silicon substrates. Strong guiding
of self-assembly is obtained on photolithographically structured silicon substrates. Magnetic antidot arrays with three-dimensional ar-
chitecture have been prepared by electrodeposition in the pores of these templates. The shape anisotropy demonstrates a crucial impact
on magnetization reversal processes.
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I. INTRODUCTION
T
HE DEMAND for higher magnetic recording densities is
stimulating intense research activity into magnetism on
submicrometer-length scales. The main requirement for com-
mercially viable products is an efﬁcient and low-cost prepara-
tionprocess.Methodsbasedontemplatesformedbytheself-as-
sembly of colloidal particles have been considered for various
applications such as photonic materials [1], microchip reactors
[2], and biosensors [3]. In this paper, we use ordered templates
for the electrodeposition of various magnetic materials. This
technique offers new opportunities, which are not easily real-
ized by standard lithographic methods, and which allow us to
createmagneticnanostructureswiththree-dimensional(3-D)ar-
chitectures on a broad range of length scale, 20–1000 nm.1 To
address limitations of self-assembly (a lack of long-range order
and control of array directions), we are employing hybrid tech-
niques using well-established Si technology to guide and con-
ﬁne self-assembly templates (e.g., [4]).
II. EXPERIMENTAL PROCEDURE
Using slow evaporation of a colloidal water suspension
containing 1 wt. % of latex spheres, well-ordered templates
have been self-assembled on glass substrates with buffer layers
of sputtered Cr (10 nm) and Au (200 nm) or on HF-treated
Si. These templates have been used as moulds to prepare
nanoporous magnetic (Ni, Co, Fe, and Ni Fe ) structures by
electrodeposition methods [5].
Magnetic measurements were performed using a super-
conducting quantum interference device (SQUID), a vibrating
sample magnetometer (VSM), and a magnetooptical Kerr effect
(MOKE) rig. Most measurements have been performed at room
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120 nm is the smallest available size of polystyrene spheres.
temperature with the magnetic ﬁeld applied in parallel to the
plane of the ﬁlm. Magnetic structures have been imaged using
magnetic force microscopy (MFM) by a Digital Instruments
3000 scanning probe microscope in lift-mode with a ﬂy height
of 100 nm and a standard low-moment ferromagnetic tip.
III. RESULTS AND DISCUSSION
A. Guided Self-Assembly and Electrodeposition
on Structured Silicon
To study conﬁnement effects and to guide ordering in de-
ﬁned directions, we have used a scaffolding method for guided
self-assembly by various lithographically prepared patterns on
the surface of a Si substrate. For this purpose, a 250-nm thermal
SiO layer was grown on the Si wafers and different patterns
(stripes, squares, triangles, circles, and rings) were deﬁned by
photolithography. Subsequently, the wafers were immersed in
a 20:1 buffered HF solution to etch the oxide and to expose
Si areas of different shapes and sizes ranging from 1.5 to
50 m. Then, the wafers were sawed in pieces, RCA (Radio
Corporation of America) process cleaned [6], and dipped in
20:1 buffered HF prior to latex sphere self-assembly. After the
self-assembly, the wafers with sphere templates were dipped
again in 20:1 buffered HF. The spheres adhesion, presumably
governed by van der Waals forces [7], is sufﬁcient to withstand
this process. As we can see from Fig. 1, the template is formed
on the structured areas of Si, and essentially no spheres can
be observed in the region of SiO (dark gray surface). The
template structure demonstrates well-pronounced guiding with
the side of a triangular unit cell parallel to the stripe direction.
Next, Ni ﬁlms were grown on the conducting Si areas by
electrodeposition. To improve the smoothness, pulsed elec-
trochemical pretreatment was used. Finally, the spheres were
dissolved in tetrahydrofuran.
The resulting magnetic antidot array is the inverse of the tem-
plate and also demonstrates well-guided behavior in the case of
0018-9464/$20.00 © 2005 IEEEZHUKOV et al.: SHAPE-INDUCED ANISOTROPY IN ANTIDOT ARRAYS 3599
Fig. 1. SEM image of 500-nm-diameter spheres self-assembled in a stripe
grove of patterned Si–SiO substrate.
Fig. 2. SEM image of nanostructured Ni ﬁlm prepared by guided
self-assembly of 500-nm spheres on a patterned Si–SiO substrate.
stripes (Fig. 2). For square Si–SiO microstructures the self-as-
sembly was guided along one of the square sides. No guiding
effect was observed for right-angle triangles, circles and rings.
This probably results from competition between different direc-
tions favored by their shape.
B. Magnetization Reversal and Shape Anisotropy
The template nanostructuring strongly inﬂuences the mag-
netic properties (e.g., [8]). The 3-D architecture results in be-
havior resembling that of multilayers with alternating hard and
soft layers: the coercive ﬁeld has been found to oscillate
with the thickness of the ﬁlm (Fig. 3). reaches a max-
imum for the case when the top surface of the ﬁlm is near the
void centers. For layers with complete spherical voids, the co-
ercive ﬁeld approaches a minimum. These observations suggest
that the points where the spheres touch play an important role
in domain-wall pinning and hence the coercivity [9]. Our re-
sultsdemonstratethat3-Dpatternedmagneticmaterialsarepro-
totypes of a new class of geometrical multilayer structures in
which the layering is due to local shape effects rather then com-
positional differences.
To investigate the local magnetic structures of the templated
ﬁlms, we employed MFM complemented by micromagnetic
Fig. 3. Coercive ﬁeld for Ni Fe ﬁlms with different thickness t prepared
using 550-nm spheres. Dashed lines show the positions of sphere centers
for each layer in a close packed structure. Inset demonstrates layered 3-D
architecture for a thick ﬁlm.
Fig. 4. MFM images measured for Co antidot ﬁlm with d =7 0 0nm and
(a) t = 100 nm and from (b) micromagnetic modeling. White circles indicate
hole positions.
modeling. Results are shown in Fig. 4(a) for a relatively thin
(100 nm) Co ﬁlm with sphere diameter nm in the
remanent state. These images reveal ordered rhombic magnetic
patterns associated with the antidot array. Magnetic structures
for two-dimensional (2-D) antidot arrays were calculated using
micromagnetic modeling with the OOMMF software suite
[10]. Parameters in the computation were chosen in accordance
with the known values for Co [11], cell size was 2 nm, and hole
diameters of correspond to the top of the ﬁlm. The MFM
signal was modeled by computing the second derivative of the
dipolar ﬁeld produced by the ﬁlm [12] at a distance of the ﬂy3600 IEEE TRANSACTIONS ON MAGNETICS, VOL. 41, NO. 10, OCTOBER 2005
Fig. 5. Anisotropy of coercive ﬁeld in plain Ni antidot array prepared from
900-nm spheres. Zero angle corresponds to the direction of unit vector of array.
height abovethe ﬁlm [Fig. 4(b)]. The picture obtained from 2-D
micromagnetic simulations is similar to the results of MFM.
We have measured angular dependences of a coercive ﬁeld
using MOKE to reveal the inﬂuence of shape anisotropy pro-
duced by nanostructuring (Fig. 5). The obtained results reveal
pronounced six-fold symmetry corresponding to the hexagonal
conﬁguration of thenanostructured antidot array. The smalldis-
tortion along 0 direction is probably caused by ﬁlm texturing.
Themicromagneticsimulations[10]qualitativelyreproducethe
experimental observations with sharp maxima along the bysec-
tors of unit cell triangles.
IV. CONCLUSION
Using self-assembly from colloidal suspensions of poly-
styrene latex spheres, we have prepared well-ordered nano-
structured templates. We present results of electrochemical
deposition of magnetic metals and alloys in the voids of these
templates, enabling the fabrication of magnetic antidot nanos-
tructures with 3-D architectures. We ﬁnd large changes in
the coercive ﬁeld, dominated by the effects of the nanoscale
shapes. These 3-D antidot nanostructures reveal oscillations of
the coercive ﬁeld in the dependence on ﬁlm thickness. Varying
the parameters in the preparation (sphere diameter, ﬁlm thick-
ness, and composition) allows us to produce materials with
predetermined magnetic parameters. To address limitations of
self-assembly (lack of long-range order and control of array
directions), we are employing hybrid techniques using well-es-
tablished Si technology to guide and conﬁne self-assembly
templates. The template growth technique has the potential to
lead to a low-cost preparation method for submicron patterned
magnetic materials.
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